B.Ioffe [Phys. Letters 30B, 123 (1960) We discuss the interaction of hadrons with leptons in the limit of large momentum transfer. A special parton model will be used for the hadrons in which the partons are identified with quarks. The relativistic quark model with which we interpret recent observations is formulated as follows: (1) The baryons are composed of three valence quarks and a core of an indefinite number of quark-antiquark pairs. (2) The lepton "sees" the nucleon in the limit of large momenta in the c.m. frame as an assembly of freely moving constituents with point charges. (3) The scattering of the valence quarks is interpreted as the nondiffractive component, the scattering of the core is interpreted as the diffractive component of the cross section. (4) The nondiffractive scattering is assumed to be mediated by suitable meson exchanges, and this assumption determines the momentum distribution of the valence quarks. The (qq) pairs in the core are assumed to be distributed statistically in the available phase space. (5) It will be necessary to include "gluons" among the constituents of the nucleon. They are supposed to be the uncharged quanta of the force field between quarks and are assumed to be distributed statistically over the momentum space. There is only one constant adjustable in this model, which is the ratio of gluons to core pairs. All other constants are fixed by simple considerations. This model is used to calculate the deep-inelastic scattering of electrons by protons and neutrons and its dependence on the relative spin orientations, the inelastic scattering of neutrinos by nucleons, and the creation of massive muon pairs by proton-proton collisions. After adjusting the open constant to the data of electronproton scattering, the theory predicts unambiguously the other results. They are in reasonably good agreement with the observations as far as they are known.
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I. INTRODUCTION The ideas presented here are inspired by efforts of many authors who have faced the challenge:
What is the nucleon made of? Much in this paper has a considerable overlap with the work of others in the field, and we have included some well-known ideas in the interest of clarity and completeness.
In studying the substructure of a hadron, one must keep in mind an essential difference between hadrons and systems such as the nuclei or atoms. In the latter cases the relevant energies -binding energies, excitation energies, etc. -are much smaller than the rest masses of the system as a whole or of the constituents; in the case of hadrons, however, they are of the same order as the mass of the system; obviously the mass of the constituents is not known. This difference is a fundamental one; it puts the use of the concept "constituent" into question. In the nuclear and atomic systems the number and nature of the constituents is well defined, particle-antiparticle pairs play a subordinate role such as in the effect of the polarization of the vacuum. In hadrons, however, there is no well-defined number of constituents, since the interaction energies are so strong that virtual pairs of fermions or virtual single bosons are abundantly present. This is certainly true of mesons which make up the "meson cloud" of the nucleon. The description of the nucleon, therefore, cannot be formulated in terms of a fixed number of constituents.
Nevertheless, in hadron phenomena a number of remarkably simple properties have been realized in the past few years. Beyond the well-known agreements with relativity, analyticity, unitarity, etc. there are the conservation rules of isospin and strangeness and an approximate agreement with SU(3) symmetry. In addition to these concepts we realize other empirical regularities in extreme high-energy collisions which might lead us toward a dynamical understanding of the hadron structure.
We begin by listing a partial list of regularities which are more or less established experimentally, and which will be used in this paper as indications of hadron structure.
(I) SU(3) is an approximate symmetry in nature.
Baryons and mesons belong to SU(3) multiplets; strong-interaction cross sections and current matrix elements in electromagnetic and weak interactions yield further evidence for this symmetry scheme. No exotic hadrons seem to exist. The hadron spectrum is similar to the orbital and radial excitations of oscillator-like bound quark structures.
(2) The total cross sections become diffractive at high energies, the object exchanged in the t channel to explain the diffractive behavior has vacuum quantum numbers.
(3) Exchange-reaction cross sections fall with a power of the energy s . This empirical fact will be used to determine the momentum distribution of valence quarks, assumed to be associated with the nondiffractive mechanism of the scattering process. (4) Cross sections fall rapidly with transverse momentum transfer. The average transverse momentum of the particles in inelastic collisions is limited (to about 0.35 GeV/c). This fact is relevant in learning about the transverse momentum distribution of constituents inside the nucleon. Feynman' suggested that many of the observed regularities might fit an underlying parton picture.
We identify the partons with the Zweig-Gell-Mann quarks. Certain observations under (I) have made this picture attractive. It is the purpose of the paper to show that the quark model has some degree of organizing and predictive power when applied to deep-inelastic electron-nucleon scattering, to neutrino induced reactions, and to p, ' p. production in proton-proton collisions.
A truly relativistic quantum-mechanical theory, appropriate to deal with both short-distance be- with n = 3 + k, + k, + k, + l, where l = 0, 1, 2, . . . is the number of gluons in the n-particle state.
The expression (2.5) can be used to determine the following probability functions, which are of importance in our discussions of actual processes: G~" (x)dx, i =0, 1, 2, 3 is defined as the probability in a proton (p) or a neutron (n) with momentum P»M to find a parton or its antiparticle of type i with a momentum between P x and P (x+dx 
(2.6)
We divide these functions into two parts:
where the first term refers to the valence quarks and the second to the core quarks. These functions are connected with (2.5) in the following way:
The integrals and summations are carried out in Appendix B and yield for x& V. /P
with y =g+g'. Obviously we have
The only undetermined constants are g and g'. n(0) is determined by Regge considerations as will be shown later.
In the limit x-0 the core contributions are dominant,
(2.10)
In the limit x-1 the valence contributions are dominant for i =1, 2,
The kinematics of the spin-averaged process is well known. We recite the most important kinematic relations to keep the paper self-contained. The cross section for a proton (of mass M) with momentum P" to scatter a high-energy electron (of mass m) from initial momentum k, " to final momentum k2" in the range d'k2 can be written as follows:
In Eq. (3.1) an average over the initial electron and proton spin is understood; also we sum over hadrons and the electron spin in the final state. The virtual photon transmitted has four-momentum q". I ", is defined as the contribution of the electronphoton vertex, L", = 2(k, &k»+ k, "k» -k~kag&, +m g&"), (3.2) whereas the hadronic current amplitude W""(P,q) can be expressed in terms of the two famous structure functions W, (q', v) and W2(q', v):
W""(P,q) is the commutator function of the electromagnetic current for spacelike q",
where $"denotes the covariant spin of the proton. Equation (3.4) has triggered a great deal of work dedicated to the light-cone behavior of current commutators.
Next, we give the cross-section formula in the rest frame of the proton (where the electron scattering angle is 8):
The quantity R, often cited in both experimental and theoretical papers, is defined as the ratio of the probability for longitudinal photon absorption to that for transverse photons, Wz(q', v) Wr ( 
The asymptotic properties (2.10) of the G, .'s insure a finite value for F~" in the limit of x-0, in agreement with experiments. In addition, we find F~(0} =F"(0). For x= 1, the valence quarks only contribute, and we see from (2.11) that F"/F, = -', for x-l. proportional to the squared charge of the scattering quarks. For x -1, only the three valence quarks contribute; hence the ratio of the cross sections for the two nucleons ought to be equal to the ratio of the sum of the squared charges of the three quarks which make up the nucleon in the primitive quark picture.
The result (3.18) is characteristic of the quark model. Bloom and Gilman' obtain a different result from duality considerations. In their case this ratio is equal to the ratio of the squares of the magnetic moments: F"/F, -(-', )'. In quark-model language, their result is the ratio of the square of the geometrical sum of the quark magnetic moments, whereas our result is the ratio of the sum of the squares of the quark magnetic moments. In our case the quarks scatter incoherently even in the limit x-1; in their case the scattering is coherent in that limit.
The form of F(x) near x = 1 can be read from (3.16) or (3.17). We obtain 8= r(l -n) r(y + 2(1 -n)) r(y + 3(1 -n)) 
W"""(p,q)=e"", . q'~'d(q', )+(( q) e"". q'p'g(q', ).
(4 4) Th antisymmetric tensor amplitude 8"",contains the spin dependence which is linear in (".
The asymmetry at a given angle (9 is In that case (4.9)
x;P and summation over the different particle states. The factor -, ' is calculated from the explicit structure of the spin -unitary-spin wave function in Eq. (4.6).
In Appendix A we have calculated the scaling form of the structure functions where d'a" /dq'dx, , etc. , are the pointlike cross sections for a parton with the appropriate spin dependence (spin -, ', charge e, and three-momentum x, P}. Naturally, we work again in the electron-proton c.m. system at a. given value of the scaling variable x= Q'/2Mv. G~(x) denotes the probability density to find a valence quark with three-momentum xp. In Eq. (4.7) we had to form the incoherent sum of the elementary cross sections including an integral over the three-momenta describes a proton state with spin +-, ' in the z direction (this corresponds to helicity +1 for the state moving fast in the z direction).
The wave function (4.6) yields a definite prediction for the polarization when we combine it with the single-particle distribution of the model. The asymmetry is given by
Two sum rules follow from current algebra for the spin-dependent structure functions. They are some slight extensions of Bjorken's sum rule for the spin-dependent cross section. " First, we observe that field-theoretic models with spinfields or smooth Light-cone algebra, , indicate scal- '(x) are the probabilities to find a quark or an antiquark of type i with momentum xP. The functions G;(x) introduced in (2.7) comprise both particles and antiparticles. In terms of those expressions, we easily find
since antiparticles are found only in the core. The differential cross section (5.2) Fig. 1(b) ].
(b) In Fig. 6 we have plotted the differential cross sections for s =900 (GeV)' and s =2500 (GeV) We write, for high energies only, For the hadronic current operator we use the Cabibbo current j"=(V& -A&) ' 'cos&c+(V"-A") "='singe.
(6.1) The normalization is such that in the quark model j"=(P y"(1 -y, )(&cos Hc + X sin so), The muon mass is neglected in Eq. (6.6).
We again assume that the neutrino is scattered incoherently by each parton in a pointlike fashion.
For spin--, ' quarks, only cri contributes to the neutrinO CrOSS SeetiOn aS V, Q'-~; CJR =Cr~=0 in this limit. Similarly, for spin--, ' antiquarks, only vR is nonvanishing in the asymptotic limit. For neutrino-induced reactions, we find vP(R) = 2xG, "(x), vP(I, ) = 2x[G, '(x) cos'sc + G, '(x) sin' ec] .
(6.7) (6.8) vP"(R) = vP, (R),
It is straightforward to calculate the integral in the cross-section formula (6.9) using Eq. (6.10).
We get o... =0.55x10 "E, cm'/nucleon to be compared with the experimental value, (6.11) o", =(0.8+0.2)x10 ' E, cm'/nucleon.
(6.12)
In calculating Eq. (6.11), we have used a(0) = -, '. @ =3, and g=1. The detailed analysis of the model for neutrino-(antineutrino-) induced reactions will be published in a separate paper.
VII. CONCLUSIONS AND SPECULATIONS
The considerations in this paper show that the inelastic scattering of electrons by nucleons in the limit of large momentum transfer q and energy loss v, but finite ratio (d =2Mv/Q' can be qualitatively reproduced by a model in which the nucleon The G' functions are defined in (5.9). In our model vp(R) receives contributions only from the core with antiquarks present, whereas vP(L} has both valence-quark and core-quark contributions. The scale-invariant form of vP(R) and vP(L} allows us to write (6.3} in the simple form G'ME G ME, vP, +vP" tot 0 2 (6.9) where (R) and (L) imply that the appropriate averages over x have been taken. This formula exhibits the linear dependence of the total neutrinonucleon cross section on the incident neutrino energy. In (6.9) we included an average over protons and neutrons in the target.
It is important to recognize that the experiment" has been done at moderately high energies in a bubble chamber, so a non-negligible part of the inelastic events is not "deep-inelastic. " In deriving Eq. (6.9), the scaling functions were used in the whole inelastic phase space. The linear E dependence of the total cross section in the CERN experiment is remarkable, and we are tempted to compare it with the quark model.
Using the definite single-particle distributions of the model, we have the following expressions for neutrons and protons:
in the center-of-mass system is represented as an assembly of free quarks, with fractional charges and unity form factor. The nucleon contains the three well-known quarks of the naive quark model (valence quarks) and, in addition, an undetermined number of quark-antiquark pairs.
The longitudinal momentum distribution of the pairs is proportional to the relativistic phase space (-dP/Po) restricted by the condition of small transverse momentum. The momentum distribution of the "valence quarks" is dP/P, '(', suggested 
In the physical scattering process we have to multiply do, (x, ) by G, (x, ) which is the probability function to find a quark of type i with momentum x, P. Comparison of (A2) with (A5) gives the contribution of quarks of type i to vW, (q', v) -, '(der, " -do, " . ) = 2n'P 'e, '(MQ'v) 
According to our assumption, only valence quarks contribute to (A12). The wave function (4.6) dictates how to calculate the spin dependence on the three valence quarks with probability functions G;,(x;). In comparison with (A12), we have to introduce G, "(x,) in (A14) and use the wave function (4.6). We get
(A15) 
After summation and integration we find
Z is calculated by normalizing the total probability of finding partons to one:
Therefore, we can write (B9) and (B13) in their final form, 
